Abstract Src family kinases (SFKs) are signaling enzymes that have long been recognized to regulate critical cellular processes such as proliferation, survival, migration, and metastasis. Recently, considerable work has elucidated mechanisms by which SFKs regulate normal and pathologic processes in vascular biology, including endothelial cell proliferation and permeability. Further, when inappropriately activated, SFKs promote pathologic inflammatory processes and tumor metastasis, in part through their effects on the regulation of endothelial monolayer permeability. In this review, we discuss the roles of aberrantly activated SFKs in mediating endothelial permeability in the context of inflammatory states and tumor cell metastasis. We further summarize recent efforts to translate Src-specific inhibitors into therapy for systemic inflammatory conditions and numerous solid organ cancers.
Introduction
In 1911, Francis Peyton Rous discovered that a transmissible virus was the causative agent of a chicken sarcoma (Rous 1911) . Many decades passed before the true significance of this discovery was appreciated. Rous sarcoma virus (RSV) harbors a viral oncogene, v-Src, the expression of which is necessary and sufficient for viralinduced malignancy, and was the first of approximately 30 transforming viruses subsequently isolated. Although RSV and other transforming retroviruses were important tools in the study of properties associated with malignant transformation, the real significance of this work was shown in studies of Bishop, Varmus, and colleagues, who demonstrated that the v-Src gene originated from a cellular "protooncogene", c-Src (Stehelin et al. 1976) . Subsequent studies of viral and constitutively active forms of Src have led to major advances in our understanding of the processes involved in malignant transformation. Complementing these endeavors, studies of signaling pathways leading to the activation of Src and its closely related homologs in the Src family of kinases (SFKs) have been central toward understanding normal growth-regulatory processes, including proliferation, apoptosis, cell cycle control, angiogenesis, and cell-cell adhesion and communication Summy and Gallick 2003; Yeatman 2004) .
The relevance of these studies has become particularly apparent in the last decade, as numerous examples of the aberrant activation of "normal" Src proteins have been associated with pathologic processes. In this review, we focus on specific SFK-mediated processes important in endothelial permeability as they pertain to the inflammatory response and to tumor progression and metastasis. Such roles of SFKs have generated considerable interest in parallel with the development of SFK-selective small molecule inhibitors, now in early stage clinical trials for advanced tumors (Trevino et al. 2006a; Summy and Gallick 2006; Johnson and Gallick 2007; Kopetz et al. 2007 ). Additionally, clinical trials with SFK inhibitors (SFKIs) have been proposed for pathologic conditions such as osteoporosis and inflammatory conditions. Thus, current and future uses of these inhibitors in the clinic also are discussed in this review.
Structure and regulation of SFKs
SFKs are comprised of nine structurally related molecules, viz., Src, Blk, Fyn, Yes, Lyn, Lck, Hck, Fgr, and Yrk, with conserved peptide domains, termed Src homology (SH) domains. Four conserved SH domains have been defined in all SFKs (Frame 2002) . Src homology domain-1 (SH-1) is the enzymatic domain of the molecule and possesses intrinsic tyrosine kinase activity (Hanks et al. 1988) . SH-2 and SH-3 domains facilitate intermolecular interactions between Src and proteins with which it forms complexes Xu et al. 1999) . Specifically, the SH-2 domain allows interaction with phosphotyrosine residues on proteins (Moran et al. 1990; Koch et al. 1992b) , whereas the SH-3 domain recognizes a pro-x-x-pro motif, present on a wide variety of signaling and structural molecules (Mayer et al. 1988; Stahl et al. 1988; Pawson 1995; Cohen et al. 1995; Moarefi et al. 1997; Birukov et al. 2001) . These domains allow SFK participation in a number of signaling complexes and also regulate SFK kinase activity through intramolecular interactions Xu et al. 1999) . SFK activity is regulated by intramolecular and intermolecular interactions. The SH-2 domain interacts with its own C-terminal tyrosine phosphorylated amino acid (Tyr527) and an enzymatically inactive, "clamped" conformation occurs, reinforced by additional interactions with the SH-3 domain. The phosphorylation of C-terminal tyrosine is catalyzed primarily by C-terminal Src kinase (Csk) and is the principal mechanism through which SFKs are negatively regulated (Brown and Cooper 1996; Irby and Yeatman 2000) . The structural basis for Src interaction with Csk has recently been determined (Levinson et al. 2008) . Multiple phosphatases, including phosphatase-1B and phosphatase alpha, are capable of removing the 527 phosphate group from the C-terminal tyrosine and "opening" the catalytic SH-1 site, often after the C-terminal phosphorylated tyrosine is "exposed" following intermolecular interaction of Src with binding proteins in signaling complexes (Xu et al. 1997 (Xu et al. , 1999 . Mutations in the Cterminus that delete or alter tyr527, as occurs in v-Src, lead to a transforming protein with constitutive enzymatic activity (Cartwright et al. 1987; Kmiecik and Shalloway 1987; Piwnica-Worms et al. 1987 ). Autophosphorylation at Tyr416 increases the specific activity of Src (Thomas and Brugge 1997) .
Lastly, the NH2-terminal domain, or the SH-4 domain, is myristoylated and responsible for membrane association of SFKs (Resh 1993; Alland et al. 1994) . As a whole, regulation through distinct protein domains and posttranslational modifications accounts, in part, for the multiple roles Src plays in signaling complexes, where it serves both as a scaffolding protein and as a protein tyrosine kinase.
Function of SFKs in endothelial cells
In endothelial cells, SFKs mediate the tyrosine phosphorylation of numerous molecules involved in endothelial monolayer permeability (Hu et al. 2008) . Endothelial cells maintain homeostasis by regulating the passage of cells, fluid, and protein from the vascular space to the interstitial space (Mehta and Malik 2006) . Physiologic responses to trauma, infection, and tumor growth, among others, all involve the production of cytokines and growth factors that bind their cognate receptors on endothelial cells. Such receptor binding results in the tyrosine phosphorylation of numerous molecules that effect changes in vascular permeability, including SFKs (Lum and Malik 1994; Nathan 2002) . Through their intrinsic tyrosine kinase activity, in turn, SFKs play important roles in the promotion of endothelial permeability through two major mechanisms: paracellular and transcellular transport (Hu et al. 2008) .
Paracellular transport results from structural alterations in endothelial cells that change their relative spatial relationship and adhesion to adjacent cells. In response to physiologic stimuli, SFKs regulate cellular architecture through the phosphorylation and activation of proteins that promote cytoskeletal contraction. SFKs also directly affect endothelial monolayer permeability through the phosphorylation and consequent disruption of protein complexes that bind endothelial cells together. Such intercellular connections (junctional complexes) consist of both tight junctions and adherens junctions and are critical in the maintenance of the vascular barrier (Lum and Malik 1994) . Lastly, endothelial cell attachments to the extracellular matrix (ECM), so-called focal adhesions, also undergo SFK-dependent tyrosine phosphorylation that alters cellular morphology (Kaplan et al. 1994; Westhoff et al. 2004) . As a whole, the net effect of these processes dictates cellular architecture and drives paracellular transport through the formation of intercellular gaps (gap formations) that permit the passive leakage of fluid and solutes into the interstitial space (Mucha et al. 2003) .
In contrast, transcellular transport is an active process and entails the transportation of macromolecules, including albumin, from luminal to basal endothelial cell surfaces (Rippe et al. 2002) . Such transcellular transport of macromolecules maintains colloid osmotic pressure while delivering important vascular solutes to the interstitial space. The transport of macromolecules across the endothelial monolayer is dependent upon on the formation and release of caveolae, i.e., small plasma membrane invaginations that form vesicles and mediate endocytosis and transcytosis of macromolecules from the vascular compartment (Tuma and Hubbard 2003) . Through the tyrosine phosphorylation of caveolin-1 (the primary protein structural component of caveolae), Src regulates caveolae formation and their detachment from the plasma membrane as endocytic vesicles (Parton et al. 1994; Li et al. 1996; Tiruppathi et al. 1997) . The caveolae are then transported through the intracellular space and fuse with the basal endothelial surface, releasing their contents into the interstitial space (Tuma and Hubbard 2003) . We detail the roles of SFKs in each of these transport mechanisms below.
SFKs contribute to paracellular transport

Cytoskeletal effects of SFKs
Src is important in the initiation of endothelial cytoskeletal contraction in endothelial cells. Putative SH-2-and/or SH-3-binding regions near the N-terminus of myosin light chain kinase (MLCK) allow Src/MLCK interactions, leading to Src-mediated phosphorylation and activation of MLCK at Tyr464 and Tyr471 Birukov et al. 2001) . Activated MLCK is a regulatory motor protein that phosphorylates the myosin light chain at Ser19, thereby initiating crossbridge formation between myosin and actin (Garcia et al. 1995 Shi et al. 2000; Birukov et al. 2001) . As major contractile mechanisms within the cell, activated myosin filaments pull actin filaments together in an ATP-dependent process, altering the actin cytoskeleton and resulting in morphologic changes that promote intercellular gap formation and increased permeability (Garcia et al. 1995; Yuan et al. 1997) . Although the mechanisms governing initial Src activation in this setting are still under investigation (and presumably involve the release of cytokines from surrounding cells), its subsequent phosphorylation and activation of MLCK is critical in regulating the formation of intercellular gaps through cytoskeletal contraction (Lambeng et al. 2005) .
Junctional complex effects of SFKs
Whereas Src is an important regulator of the vascular barrier through cytoskeletal contraction, SFKs also affect endothelial monolayer permeability through the regulation of intercellular connections. Junctional complexes, consisting both of tight junctions and adherens junctions, bind endothelial cells and function as semi-permeable barriers to the passive efflux of fluid and solutes. In endothelial cells, vascular endothelial cadherin (VE-cadherin) is the primary component of adherens junctions (Dejana et al. 1999; Bazzoni and Dejana 2001) . Through its extracellular and cytoplasmic domains, VE-cadherin interacts with neighboring endothelial cells and the actin cytoskeleton, respectively.
Src associates with adherens junctions by interacting with VE-cadherin (Lambeng et al. 2005) . Upon association in protein complexes, Src can phosphorylate VE-cadherin; however, recent experiments indicate that Src-dependent phosphorylation and activation of VE-cadherin is dependent upon complex formation between Src, Flk (vascular endothelial growth factor receptor 2; VEGFR2), and VEcadherin ( Fig. 1 ; Weis et al. 2004b) . VEGF-A is produced under physiologic conditions by numerous cells, including tumor cells, and signals through receptor tyrosine kinases via autocrine and paracrine mechanisms (Bellamy et al. 1999; Dias et al. 2000 Dias et al. , 2001 Masood et al. 2001) . Upon VEGF-A binding to its cognate receptors (VEGFR1 and VEGFR2 in vascular endothelial cells), the intrinsic tyrosine kinase activity of these receptors is activated, leading to trans-phosphorylation and direct interaction with many SH-2-containing signaling molecules, including Src (Ito et al. 1998) . Once bound to VEGFR1 or VEGFR2, Src undergoes a conformational change (see below) leading to its activation and the subsequent phosphorylation of VE-cadherin (Millauer et al. 1993; Chou et al. 2002) . Such Src-dependent activation of VE-cadherin results in its dissociation from proteins in VE-cadherin-mediated signaling complexes, including VEGFR and β-catenin, and disruption of the endothelial cell barrier (Weis et al. 2004b ). β-Catenin links the cytoplasmic portion of VE-cadherin to the actin cytoskeleton while serving as an important signaling molecule, performing multiple functions outside the scope of this review (Gumbiner 1995) , and is phosphorylated by Src on Y654 and by Fyn, a related SFK, on Y142 (Lilien and Balsamo 2005) . Importantly, both VE-cadherin and β-catenin are subject to phosphorylation by SFKs, resulting in the disruption of intracellular cadherin-actin complexes and alterations in endothelial permeability (Aberle et al. 1996; Roura et al. 1999; Wong et al. 1999) .
Recent evidence from Ha and colleagues (2008) provides an alternate mechanism of VE-cadherin-mediated endothelial permeability. Using human umbilical vein endothelial cells and bovine aortic endothelial cells, this group has proposed a model in which Csk and c-Src remain associated with VE-cadherin in resting states. Within this complex, Csk is able to exert its negative regulatory effects on Src by maintaining Tyr-527 phosphorylation. Upon activation by VEGF, VEGFR2 phosphorylates VE-cadherin, initiating the recruitment of the phosphatase SHP-2 and the release of bound Csk. In the absence of Csk, in turn, Tyr 527 is dephosphorylated, Src is activated, and the VE-cadherin/ SHP-2/Src signaling module activates downstream Akt/ eNOS, resulting in disruptions in endothelial cell-cell junctions. Thus, although the precise mechanisms whereby Src affects endothelial permeability remain uncertain, the importance of Src in this process is very clear. It should be further noted that numerous additional activators of Src exist that result in increased permeability, including hydrogen peroxide, tumor necrosis factor-alpha (TNF-α), and thrombin, among others (reviewed in Hu et al. 2008) .
Focal adhesion effects of SFKs
In addition to the above-described mechanisms, SFKs affect vascular permeability through the regulation of cellextracellular matrix connections (Guo et al. 2005) . The endothelial cytoskeleton is bound to the extracellular matrix through focal adhesion complexes consisting of integrins, focal adhesion kinase (FAK), and multiple adaptor proteins (Aplin et al. 1998; Geiger et al. 2001) . Integrins are transmembrane proteins and principal components of focal adhesions, serving as both adhesive and signaling receptors (Luscinskas and Lawler 1994) . As studied primarily in fibroblasts, FAK upon integrin engagement undergoes autophosphorylation at Tyr397, and resultant conformational changes lead to SFK association through the Src SH-2 domain, leading to the phosphorylation of FAK at several tyrosine sites, including 861 (Schlaepfer et al. 1994; Calalb et al. 1995 Calalb et al. , 1996 Eide et al. 1995; Schlaepfer and Hunter 1996) . These additional phosphorylations of FAK enhance the assembly of a calpain2/FAK/p42 ERK complex that then affects actin fiber assembly and focal adhesion formation/turnover (Westhoff et al. 2004 ). Thus, SFKs in focal adhesion complexes affect not only cellular migration, but also Myosin-actin crossbridge formation ensues followed by cytoskeletal contraction. Boxed B VE-cadherin and β-catenin in resting complex formation. Upon binding of vascular endothelial growth factor (VEGF) ligand (boxed C), VEGFR undergoes trans-phosphorylation and binds Src at a SH-2 site, resulting in Src phosphorylation and activation. Src then phosphorylates VE-cadherin, resulting in complex dissociation and increased vascular permeability. Boxed D Engagement of integrins with extracellular matrix components results in autophosphorylation of focal adhesion kinase (FAK) and an SH-2-binding site to which Src binds. FAK then undergoes Src-dependent phosphorylation and activation at multiple sites, initiating downstream events related to actin assembly and focal adhesion turnover endothelial cell "shape" and vascular permeability (Riveline et al. 2001) .
Src contributes to transcellular transport
A principal role of Src in transcellular transport is to coordinate protein complexes that form and internalize caveolae. The formation of caveolae, in turn, requires the tyrosine phosphorylation of caveolin-1, a membrane protein that acts as the primary structural component of caveolae (Li et al. 1996; Tiruppathi et al. 1997; Drab et al. 2001; Razani et al. 2001; Shajahan et al. 2004b) . Upon binding of albumin to its receptor, gp60, at the endothelial surface, caveolin-1 interacts with clustered gp60, and Src is autophosphorylated at tyrosine 416 ( Fig. 2 ; Parton et al. 1994; Li et al. 1996; Minshall et al. 2000) . Activated Src then phosphorylates caveolin-1 on tyrosine 14, initiating caveolae fission from the plasma membrane (Shajahan et al. 2004a (Shajahan et al. , 2004b . Importantly, caveolin-1 "knockout" mice fail to form caveolae and demonstrate impaired albumin uptake and transport (Drab et al. 2001; Razani et al. 2001; Schubert et al. 2001 ).
Activated Src also phosphorylates caveolin-2, which can form hetero-oligomers with caveolin-1. These heterooligomers are thought to be important in the regulation of caveolae size (Li et al. 1998) . Phosphorylation of both caveolin-1 and caveolin-2 may disrupt hetero-oligomer interactions and favor the formation of caveolae. In addition, Src phosphorylates dynamin-2, a GTPase protein that binds caveolin-1 and localizes to the neck of caveolae, mediating their release from the plasma membrane as intracellular vesicles. Thus, through the activation of Src kinase and its phosphorylation of caveolin-1, caveolin-2, and dynamin-2, Src plays a major role in obligatory steps of caveolae fission and caveolae-mediated endocytosis (Sverdlov et al. 2007; Hu et al. 2008; Thomas and Smart 2008) .
SFKs promote endothelial permeability in inflammatory processes
As Src plays such a key role in normal endothelial cell barrier functions, it is not surprising that pathologic Fig. 2 Mechanism of transcellular transport in endothelial cells. Albumin, the prototypical macromolecule involved in transcellular transport, binds its receptor, gp60. The gp60 receptors bound to albumin form clusters and interact with calveolin-1. Src then binds the calveolin-1 scaffolding domain and phosphorylates calveolin-1 and gp60. Additional caveolin is activated, as is dynamin-2, initiating vesicle fission and transcellular transport of albumin. Vesicle contents are released on the basolateral surface of the endothelial cell where they affect colloid osmotic pressure processes in which endothelial cell function are perturbed also involve SFK activation. One such state is inflammation. Fundamentally, the inflammatory response protects against stimuli related to infection, trauma, ischemia, burns, toxic agents, foreign antigens, and autoimmune processes (Nathan 2002) . The clinical spectrum of inflammatory responses ranges from benign to overwhelming; excessive inflammatory responses attributable to vast cytokine and growth factor release by leukocytes may result in vascular endothelial damage and microvessel injury (Lehr et al. 2000) . Such harm to the vascular endothelium may result in the dysfunction of paracellular and transcellular transport mechanisms, leading to a diminished ability to regulate the trans-endothelial passage of fluid, protein, and solute. Resultant "leaky vessels" and hemodynamic instability from such endothelial damage characterize systemic inflammatory syndromes and confer significant patient morbidity and mortality (Sibbald et al. 1995; Brun-Buisson 2000) .
SFK function in endothelial permeability during pathologic states has been studied in mouse strains in which Src is functionally deleted (Src "knock-out" mice). Such mice have shown marked reductions in inflammatory responses to a variety of physiologic insults including endotoxemia and reperfusion injury. Paul and coworkers (2001) have demonstrated reduced VEGF-induced infarction volumes and associated edema in Src knockout mice following stroke, indicating the relevance of SFKs in mediating vascular permeability in the presence of VEGF. Similarly, Weis and colleagues (2004b) have shown that Flk (VEGF-R2)/VE-cadherin/beta-catenin complexes require Src for VEGF-induced permeability; upon genetic or pharmacologic blockade of Src, brain infarct volume and vascular permeability are significantly diminished. Using the same strategy, other Src family members have been implicated in the inflammatory response. Lowell and Berton (1998) have demonstrated resistance to lipopolysaccharide (LPS)-induced shock with an 80% reduction in mortality in mice functionally inactivated in the SFKs, Hck and Fgr.
The above studies have led to an examination of potential roles of Src inhibitors in important disease scenarios involving the inflammatory response. Utilizing PP2 (an SFKI) in rats, Lennmyr and coworkers (2004) have revealed a 50% reduction in brain infarct size on magnetic resonance imaging and staining with tri-phenyl tetrazolium chloride (a histologic marker for infarcted tissue) after transient middle cerebral artery occlusion. Reductions in acute lung injury following shock states have also been reported with SU6656, a selective SFKI. Severgnini et al. (2005) have demonstrated that after pre-treatment with SU6656, mortality in mice is reduced by 70% after LPS challenge. Khadaroo et al. (2004) have also reported modest reductions in acute lung injury with PP2 treatment after induced shock/resuscitation and subsequent LPS challenge. In the same study, this group has further demonstrated decreased alveolar macrophage priming to LPS activation after induced hypovolemic shock. The SFKI, PP1, has been shown to reduce vascular permeability, infarct size, and cerebral edema following stroke (Paul et al. 2001) . Weis et al. (2004a) have translated the protective effects of PP1 into the arena of cardiovascular disease, demonstrating reduced edema and myocardial injury following myocardial infarction (MI). These authors have also reported the improvement in long-term survival and cardiac function in mice treated with PP1 after MI. Mechanistically, the authors propose that Src inhibition blocks the VEGF-induced disruption of a protein signaling complex consisting of Flk, VE-cadherin, beta-catenin, and Src, i.e. the same complex discussed above by which normal permeability is affected. Taken together, these data confirm the role of aberrant SFK activation, through Flk, on enhanced endothelial permeability and the negative impact of their activation on myocardial function following MI.
The above studies suggest that Src inhibitors have some efficacy in the treatment of certain ischemic/inflammatory conditions. Which conditions might benefit from these inhibitors requires further study. Several questions remain as to how SFKIs might be used in these conditions. First, are the responses to SFKIs seen in murine models attributable more to effects on vascular permeability or to the inhibition of leukocytes and their release of inflammatory mediators? Will the inhibition of endothelial permeability mechanisms confer greater benefit than the inhibition of leukocyte recruitment/ activation, or vice versa? If so, should our pharmacologic targets be focused more on paracellular and/or transcellular transport mechanisms or on leukocyte recruitment and activation? Although not discussed in this review, others have detailed the important roles of SFKs in the recruitment and activation of neutrophils and monocytes (Baruzzi et al. 2008) . These questions may not be as important in the administration of non-specific SFKIs so long as they prove therapeutic. However, as our understanding of the contributions of individual SFK members in different locations and organ systems increases, the true targets of therapy and the development of selective SFK member inhibitors may reinforce the relevance of these issues.
Next, relative to the progression of ischemic/inflammatory disease processes, would the efficacy of SFKIs vary with the timing of their administration? Specifically, when in the timeline of an ischemic/inflammatory disease process will SFKIs work best, if at all? Since preclinical evidence indicts SFKs as important mediators of endothelial permeability and leukocyte adhesion/activation, SFKIs may not prove efficacious once these processes have been robustly activated. Clinical trials involving anti-TNF-α therapy in the setting of systemic inflammatory conditions have failed to demonstrate significant efficacy, presumably because of the effects already imparted by inflammatory mediators before treatment (Reinhart and Karzai 2001) . However, as the side effects of SFKIs are limited, their selective administration to "highrisk" patients early in evolving or anticipated ischemic/ inflammatory complications may prove helpful. Examples of such clinical scenarios involve reperfusion procedures to ischemic tissues/limbs and may include acute MI, stroke, intracranial hemorrhage, and coronary artery bypass surgery.
Lastly, in what clinical contexts and groups/subgroups of patients are treatment with SFKIs indicated? Will SFKIs prove more efficacious in certain pathologic states than others? SFKs are important in leukocyte recruitment and activation; their inhibition in the setting of infectious processes may attenuate immune responses and worsen patient outcomes. However, SFKIs may prove extremely efficacious in states of tissue ischemia where the depression of immune responses may correlate with improved patient outcomes. Most importantly, will the administration of SFKIs truly result in reductions in morbidity and mortality? For example, if SFKIs reduce edema and infarct size during cerebral infarction, it is questionable whether a sufficient reduction can be obtained to make a meaningful impact on function or clinical outcome.
Although no clinical trials have yet been established to evaluate SFKIs in ischemic/inflammatory settings, their toleration by patients thus far in the treatment of neoplastic conditions has been acceptable. Further pre-clinical testing is required to evaluate the efficacy and timing of SKF inhibitors in animal models prior to their translation into treatment for ischemic/inflammatory conditions. Nonetheless, SFKIs remain compelling targets of therapy in such states and should be actively pursued.
Src mediates metastasis through VEGF-dependent alterations in the endothelial monolayer
Endothelial cell permeability affects two important steps in cancer metastasis: intravasation and extravasation of tumor cells from the vascular space (for a review, see Langley and Fidler 2007) . Activation of SFKs in both tumor and endothelial cells is critical in these processes. In tumor cells, Src promotes the expression of pro-angiogenic factors, such as VEGF-A and VEGF-C. VEGF also activates SFKs in endothelial cells and affects endothelial cell permeability as described above. The actions of Src in tumor cells that then affect roles of Src in endothelial cell permeability are discussed in this section.
Src regulates VEGF expression in tumor cells and VEGF-induced endothelial permeability
Many studies have demonstrated important roles for Src activation mediating VEGF expression in both normal and tumor cells (Summy and Gallick 2003) . Src was first shown to be important for VEGF expression in experiments of Mukhopadhyay and colleagues (1995) who demonstrated the attenuation of hypoxia-induced VEGF expression in Src-null fibroblasts. Recent work has provided additional evidence that Src directly regulates VEGF expression. In tumor cells, constitutive Src activation is important in VEGF deregulation. Evaluating the effects of Src knockdown in human colon cancer cells, investigators have demonstrated a 50-fold reduction in VEGF expression in response to hypoxic conditions (Ellis et al. 1998) . In ovarian tumor cells, the expression of antisense constructs to Src decreases VEGF expression (Wiener et al. 1999 ); these investigators have also shown that VEGF expression requires Src activation in both prostate and pancreatic cancer cell lines under hypoxic conditions (Gray et al. 2005) . Lastly, several studies have demonstrated that Src contributes to constitutive and EGF-induced VEGF expression in pancreatic cancer cell lines (Summy et al. 2005) .
Recent work has revealed that Src activation is also important in the endothelial cell response to Src-mediated VEGF expression in tumors. As described above in the section on paracellular transport, VEGF binding to its cognate receptors results in VEGFR trans-phosphorylation and interactions with SFKs through the cytoplasmic SH-2 domains of these receptors. Subsequent phosphorylation of Src and its substrates (e.g., VE-cadherin and β-catenin) leads directly to changes in the permeability of the endothelial cell layer. This increased vascular permeability promotes the trans-endothelial migration of cancer cells and subsequent dissemination through the vascular system. Recent studies have shown that RNAi downregulation of c-Src in pancreatic cancer cells results in a significantly decreased incidence of VEGF-A expression in these cells, leading to a significant reduction of metastasis in orthotopic nude mouse models (Trevino et al. 2006b ); in the same study, this group has also demonstrated that pharmacologic inhibition of Src in orthotopic pancreatic tumors results in decreased tumor size and metastatic spread, reaffirming the important role of Src activation and metastatic properties of many solid tumors.
The importance of Src function in endothelial cells in response to VEGF has also been demonstrated. Weis et al. (2004a) have shown that hematogenous injection of VEGFexpressing tumor cells in mice harboring genetic inactivation of Src or Yes results in a reduced incidence of lung and liver metastases compared with controls. Criscuoli et al. (2005) have also found a significantly reduced number of metastatic lung lesions in Src knockout mice upon subcutaneous and hematogenous injection of syngeneic lung cancer cells. Taken together, these data firmly support a role for SFKs in mediating VEGF expression in tumor cells and the extravasation of tumor cells from the vascular space. Such findings highlight the important roles of SFKs in metastasis while implicating SFKIs as potential agents that may inhibit these processes.
SFKIs as anti-metastatic agents in cancer
As discussed above, SFKs represent attractive targets for therapy because they have been shown to modify endothelial layer permeability through the regulation of VEGF and to mediate key steps of the metastatic cascade, namely tumor cell migration and extravasation (Weis et al. 2004a; Criscuoli et al. 2005) . Whereas the specific mechanisms of SFK-related tumor cell migration through the endothelial layer remain to be fully elucidated, inhibitors of SFK activity and/or interactions through SH-2/SH-3 domains may attenuate important SFK-mediated functions related to metastasis. Specifically, such inhibitors may reduce tumor cell secretion and the endothelial cell response to VEGF, which as described above are important in mediating metastasis. The anti-metastatic effects of Src inhibitors may also be bolstered by additional antiangiogenic effects that have been well documented in the literature (Park et al. 2007 ). For example, Src has been shown to mediate the expression of interleukin-8, an important cytokine involved in angiogeneis and tumor progression (Koch et al. 1992a; Strieter et al. 1995; Murdoch et al. 1999; Shi et al. 1999) .
Currently, four SFKIs are under study in clinical trials in the USA: KX2-391, AZD0530, bosutinib, and dasatinib (Kopetz et al. 2007 ). KX2-391 inhibits substrate binding of SFK substrates, whereas the other agents competitively inhibit ATP binding. These agents are being tested as both single agents and in combination with other cytotoxic, antihormonal, and growth factor receptor inhibitory agents (Kopetz et al. 2007) .
At the time of tumor detection, patients present in various stages of their disease. In cases where a patient's disease is clearly confined and curable through surgical excision (such as in situ lesions), clinical suspicion for regional or distant spread is low, and anti-metastatic agents may not be indicated. Likewise, patients who present with a large tumor burden and clear evidence of metastatic disease are likely not to benefit from therapeutic agents that function solely to inhibit metastasis. Between these two scenarios of benign and malignant disease, anti-metastatic agents might have an application that is currently undefined. However, the determination of SFKI efficacy in such roles may represent a significant challenge because of the frequent pre-existence of micro-metastatic disease at the time of diagnosis.
The ability of modern radiographic imaging to discern metastatic lesions remains limited for microscopic lesions. Often, patients are presumed to harbor sub-clinical metastasis based on the size or type of their primary tumor, providing the rationale for neoadjuvant therapy. Likewise, lymph nodes harboring tumor cells are often non-palpable on clinical examination. Even pathologic evaluation of lymph nodes has limitations and occasionally does not assuage patient and physician suspicions of local and/or distant disease. Such clinical situations lead to important questions regarding the introduction of antimetastatic agents. Specifically, should anti-metastatic agents be administered to patients who (1) probably possess sub-clinical metastases, or (2) might develop metastases? Most importantly, will the administration of anti-metastatic agents, alone or in combination with current therapy, result in improved survival relative to current therapy alone? At present, the answers to these questions remain unknown. As clinical trials involving SFKIs progress, and their clinical impact in various patient groups/subgroups emerge, such potential antimetastatic effects will eventually be evaluated. Finally, another use of Src inhibitors in the treatment of solid tumors is emerging. In several pre-clinical tumor models, Src activation is associated with chemo-resistance, which is overcome by SFKIs (Kopetz et al. 2007) . Thus, Src inhibitors may have value in other settings than the prevention of metastases.
Concluding remarks
The roles of SFKs in mediating endothelial permeability are many. Through the tyrosine phosphorylation of both structural and signaling molecules, SFKs promote cytoskeletal contraction and the remodeling of cell-cell/cell-ECM connections. These changes in cell morphology and intercellular/cell-matrix interactions produce gap formations between neighboring endothelial cells and promote the paracellular transport of fluid and solutes. Such results with SFK inhibition have led to enormous interest in the therapeutic potential of Src inhibitors in the treatment of inflammation-related illness and neoplasms. To our knowledge, no clinical trials have yet tested the efficacy of SFKIs in ischemic/inflammatory conditions. However, given the correlation of Src activity with tumor progression, numerous Src inhibitors have been enrolled in clinical trials to evaluate for efficacy against cancers. The results of such trials are highly anticipated and will undoubtedly reveal much about the efficacy of SFKIs and their appropriate clinical application. Concurrent with these clinical trials, further studies must be undertaken into the specific mechanisms of SFK function; these will undoubtedly result in additional clinical targets and therapies.
